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Abstract
We construct a simple class of exact solutions of the electroweak theory includ-
ing the naked Z–string and fermion fields. It consists in the Z–string configura-
tion (φ,Zθ), the time and z components of the neutral gauge bosons (Z0,3, A0,3)
and a fermion condensate (lepton or quark) zero mode. The Z–string is not
altered (no feed back from the rest of fields on the Z–string) while fermion con-
densates are zero modes of the Dirac equation in the presence of the Z–string
background (no feed back from the time and z components of the neutral gauge
bosons on the fermion fields). For the case of the n–vortex Z–string the number
of zero modes found for charged leptons and quarks is (according to previous re-
sults by Jackiw and Rossi) equal to |n|, while for (massless) neutrinos is |n| − 1.
The presence of fermion fields in its core make the obtained configuration a su-
perconducting string, but their presence (as well as that of Z0,3, A0,3) does not
enhance the stability of the Z–string.
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1. It is well known that cosmic strings are originated in spontaneously broken gauge
theories when the vacuum manifold is not simply connected. Strings originating at mass
scales Λ close to the Planck scale MP l can yield (and be detected by) gravitational
effects: gravitational lensing, seeds for galaxy formation, millisecond pulsar timing
perturbations, etc. [1]. On the other hand, strings originating at Λ ≪ MP l have
negligible gravitational effects and, correspondingly, cannot be detected through their
gravitational interactions. In particular, the Nielsen-Olesen [2] vortex solution of the
abelian Higgs model can be embedded into the SU(2)L × U(1)Y electroweak theory
(and then Λ ∼ G−1/2F ). This vortex of Z-particles is known as the (naked) Z–string [3].
As stated above Z–strings have negligible gravitational interactions and experimental
detection seems problematic, though they have been proposed as candidates to trigger
baryogenesis at the electroweak phase transition (no matter what the order is) [4].
However their dynamical stability (not guaranteed by topological arguments) only holds
for unrealistic values of sin2 θW [5], a mechanism to stabilize the Z–string being still
missing 1.
Another class of cosmic strings with non-gravitational effects were proposed by
Witten [7]. They are called superconducting strings because they have superconducting
charge carriers (either charged bosons or fermions) with expectation values in the core
of the string. Superconducting strings can yield observable effects even for Λ ≪ MP l
(e.g. for Λ ∼ G−1/2F ) [8]. In particular superconducting strings with Fermi charge
carriers can arise if there are normalizable fermion zero-modes bounded to the string.
In this paper we prove that the Z–string is superconducting, with leptons and
quarks being the charge carriers. In particular, we will embed the naked Z-string into
a field configuration with fermion fields, the time and z component of the electromag-
netic, A, and Z fields and the (unperturbed) Z–string. Fermion condensates are zero
modes of the Dirac equation in the presence of the Z-string background. We have
constructed solutions where fermions are either charged leptons, quarks or neutral lep-
tons (neutrinos). As for the former (charged fermions) we have followed the analysis
of Ref. [9]. For the latter (neutrinos) we have performed a similar analysis and found
that neutrinos can be bounded at the string core by the weak interactions. We have
found that the Z-string configuration is unaltered by the presence of both the fermion
condensate and the time and z components of the electromagnetic and Z fields. A com-
plete numerical analysis is also presented, including the profiles for fermion densities
and field configurations and mean radii for the different bound states.
A similar analysis has been recently performed in [10], where a solution of the
electroweak theory with a single lepton family is constructed. The authors of Ref. [10]
claim their solution is approximate since they put A0 = A3 = Z0 = Z3 = 0. However
we have explicitly shown that the fields A0, A3, Z0 and Z3 are non–zero in the presence
of fermionic densities and that indeed there is no feed back from them on the fermion
zero modes. It is also explicitly proven in [10] that in the absence of the fields A0, A3, Z0
and Z3 the presence of the fermion condensate does not alter the stability properties
1See, however,[6] for a recent proposal.
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of the Z-string. We have proven by symmetry arguments that this is also the case
when dealing with the total solution containing non–zero values for A0, A3, Z0 and Z3.
We have also shown the above features remain unchanged when zero–modes are either
charged (leptons or quarks) or neutral (neutrinos) fermions.
2. We will consider the case of just one fermion (i.e. lepton or quark) species.
Let Ψ =
[
ψ+L
ψ−L
]
be the left–handed fermionic doublet and ψ+R , ψ
−
R their right–handed
partners 2. The relevant lagrangian density is therefore:
L = −1
4
Wµν aW
µν a − 1
4
BµνB
µν + |DλΦ|2 − λ(Φ†Φ− η2)2
+ iΨ¯ 6DΨ + iψ¯+R 6Dψ+R + iψ¯−R 6Dψ−R
−h+
(
Ψ¯Φ˜ψ+R + h.c.
)
− h−
(
Ψ¯Φψ−R + h.c.
) (1)
where W aµν = ∂µW
a
ν − ∂νW aµ + gεabcW bµW cν , Bµν = ∂µBν − ∂νBµ, Dµ = ∂µ + igT aW aµ +
ig′Y Bµ, T a being the corresponding SU(2)L generator and Y the U(1)Y hypercharge.
Φ =
[
φ+
φ
]
is the Higgs doublet and Φ˜ ≡ iσ2Φ∗.
The Euler-Lagrange equations are:
DµD
µΦ = −2λ(Φ†Φ− η2)Φ− h+ (Ψ¯ψ+Riσ2)t − h− ψ¯−RΨ
(DνW
µν)a = −ig
2
(Φ†σa(DµΦ)− (DµΦ)†σaΦ)− g
2
Ψ¯γµσaΨ
DνB
µν = −ig′
2
(Φ†(DµΦ)− (DµΦ)†Φ)
−g′yL Ψ¯γµΨ− g′y+R ψ¯+Rγµψ+R − g′y−R ψ¯−Rγµψ−R
i6DΨ = h+Φ˜ψ+R + h−Φψ−R
i6Dψ+R = h+Φ˜†Ψ
i6Dψ−R = h−Φ†Ψ
(2)
To solve eqs. (2) it is necessary to make an ansatz on the symmetry of the solution.
Our aim is to find some configuration that could be interpreted as the Z-string plus a
fermion condensate in its core. Then, our starting point will be to generalize the Z-
string solution keeping, if possible, their symmetries. In particular, concerning global
symmetries, the Z-string is invariant under the Z2 parity given by the global U(2)
transformation on the bosonic fields
( −1 0
0 1
)
. The even fields under this parity
2The +/- superscript refers to the up/down component, i.e. νℓ/ℓ for leptons and u/d for quarks.
The absence of right–handed neutrino in the Standard Model implies, in our notation, ψ+R = 0, h+ = 0
for leptons.
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are:
[
0
φ
]
, W 3µ , Bµ. There are several possible ways to extend this symmetry to the
fermionic fields. For example, we can choose one fermion to be odd and the second
one, that will be designed by ψL, ψR, to be even
3. It is clear from (2) that we can
consistently fix to zero all the odd fields. Thus, the solutions under this ansatz are
equivalent to those in the reduced U(1) × U(1) model 4, spontaneously broken to the
U(1)em with Aµ and Zµ the corresponding gauge bosons.
The relevant field equations are obtained directly from (2) by replacing Φ→ φ, Ψ→
ψL; W
1,2, φ+ → 0. In terms of the mass eigenstates gauge bosons, Aµ = sin θW W 3µ +
cos θW Bµ; Zµ = cos θW W
3
µ − sin θW Bµ, the covariant derivatives are:
Dµφ = (∂µ + iqHZµ) φ
DµψL = (∂µ + iqLZµ + iqAµ) ψL
DµψR = (∂µ + iqRZµ + iqAµ) ψR
(3)
q being the electric charge of the corresponding field and qH,L,R the eigenvalues for the
Higgs boson and left and right fermions, respectively, of the Z-charge, defined in our
notation as QZ = e
sin θW cos θW
(T3− sin2 θW q/e), where T3 is the third component of the
weak isospin, equal to 0 for singlets and ±1/2 for the doublet components.
In particular, for the gauge bosons we have
✷Zµ − ∂µ∂νZν = iqH
(
φ†(Dµφ)− (Dµφ)†φ
)
+ jµZ
✷Aµ − ∂µ∂νAν = jµA
(4)
where the fermionic currents on the right hand side of (4) are defined as
jµZ = qL ψ¯Lγ
µψL + qR ψ¯Rγ
µψR
jµA = q
(
ψ¯Lγ
µψL + ψ¯Rγ
µψR
) (5)
as deduced from eq. (3).
A general, static, z-independent ansatz still invariant under the combined action
of rotation around the z-axis and the suitable gauge transformation is, in cylindrical
coordinates 5
φ = f(r)e−inθ
Zα = Zα(r)
Aα = Aα(r)
(6)
3From here on, and for notational simplicity, we will drop the ± superscript from even fields.
4Of course, the question of the stability should be addressed in the whole SU(2)× U(1) model.
5Here α = 0, 3, r, θ and we will write the equations in the gauge Zr = Ar = 0
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for bosonic fields and
ψL(r, θ) =
1√
2
[
ψL1(r) e
−imθ
ψL2(r) e
−i(m−1)θ
]
⊗
[
1
−1
]
ψR(r, θ) =
1√
2
[
iψR1(r) e
−i(m±n)θ
iψR2(r) e
−i(m±n−1)θ
]
⊗
[
1
1
] (7)
for fermions 6, where we are using the Dirac representation:
γ0 =
(
σ0 0
0 −σ0
)
γi =
(
0 σi
−σi 0
)
γ5 =
(
0 1
1 0
)
(8)
with σi the Pauli matrices and σ0 = 1. Notice that an enlarged gauge configuration,
compared to the electroweak string, is expected in general due to the presence of the
fermionic currents that will act as sources.
Using the ansatz (6,7), the θ–dependence cancels in the Euler–Lagrange equations.
Defining ψL
t = (ψL1, ψL2), ψR
t = (ψR1, ψR2) we get
f ′′ = −1
r
f ′ +
[
n2
r2
− 2n
r
qHZθ − q2H (Z20 − Z23 − Z2θ ) + 2λ(|f |2 − η2)
]
f
±ih±ψL,R†σ0ψR,L
(9)
Z ′′0 = −1rZ ′0 + 2q2H |f |2Z0 − qL ψL†σ0ψL − qR ψR†σ0ψR
Z ′′3 = −1rZ ′3 + 2q2H |f |2Z3 − qL ψL†σ3ψL + qR ψR†σ3ψR
Z ′′θ = −1rZ ′θ + 2q2H |f |2Zθ − 2nr qH |f |2 + 1r2Zθ − qL ψL†σ2ψL + qR ψR†σ2ψR
0 = −2qHIm [f ∗f ′] + qL ψL†σ1ψL − qR ψR†σ1ψR
(10)
A′′0 = −1rA′0 − q ψL†σ0ψL − q ψR†σ0ψR
A′′3 = −1rA′3 − q ψL†σ3ψL + q ψR†σ3ψR
A′′θ = −1rA′θ + 1r2Aθ − q ψL†σ2ψL + q ψR†σ2ψR
0 = q ψL
†σ1ψL − q ψR†σ1ψR
(11)
where the last equations of (10) and (11) are constraints corresponding to the gauge
conditions Zr = Ar = 0, and
σ1ψL
′ = { 1
r
ML − iqLσ2Zθ + iqLσ0Z0 − iqLσ3Z3
− iqσ2Aθ + iqσ0A0 − iqσ3A3 }ψL − h f±σ0ψR
σ1ψR
′ = { 1
r
MR − iqRσ2Zθ − iqRσ0Z0 − iqRσ3Z3
− iqσ2Aθ − iqσ0A0 − iqσ3A3 }ψR − h f±σ0ψL
(12)
where the prime denotes the derivative with respect to the cylindrical radius r, and
ML =
(
0 m− 1
−m 0
)
MR =
(
0 m± n− 1
−(m± n) 0
)
(13)
6The i factor in the parametrization of ψR is a matter of convention, and ψL1(r), ψL2(r), ψR1(r),
ψR2(r) are general complex functions. Notice also that, since we will look for zero modes, we have
already fixed the fermion energy ω to zero and no prefactor e−iωt appears in (7).
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the ± sign corresponding to the case where the even fermionic fields are ψ±L , ψ±R and
f+ = f ∗, f− = f .
Before going ahead with our ansatz, we will review some features of the vortex-
fermion system. Jackiw and Rossi showed in Ref. [9] that this system has normalizable
zero-modes if the fermions get their mass through their coupling to the scalar field. In
fact, the number of these zero modes depends on the winding number of the vortex by
an index theorem [11]. These zero modes are transverse [7], i.e. they are eigenstates
of γ0γ3,
γ0γ3ψ = κψ, κ2 = 1 , (14)
which is the operator on the fermions associated to the parity operation (t, z) →
(−t,−z). Let us see how these zero modes are in our case. Notice that, as we remarked
before, the gauge field configuration of the naked Z-string must be enlarged in the
presence of this fermionic density. In particular, the time and z components will be
different from zero.
Suppose that (14) also holds in our case and let us see whether it is consistent with
eqs. (9). Then
j0A = κ j
3
A (15)
and
A0 = κA3 (16)
if the boundary conditions also obey this relation. In the same way,
j0Z = κ j
3
Z (17)
then
d2
d r2
(Z0 − κZ3) = −1
r
d
d r
(Z0 − κZ3) + 2 qH |f |2(Z0 − κZ3) (18)
and again
Z0 = κZ3 (19)
for appropriate boundary conditions. Then,
(γ0Z0 + γ
3Z3)ψL,R(r, θ) = 0
(γ0A0 + γ
3A3)ψL,R(r, θ) = 0
(20)
where ψL,R(r, θ) are the spinors defined in the ansatz (7). Eqs. (20) and (19) show that
the fermionic zero modes (14) produce no feedback on the naked Z-string. In other
words, the ansatz (6) is consistent with the existence of fermionic zero modes since odd
quantities under the operator γ0γ3 vanish.
Notice that the coefficients in the equations are real, and therefore the phases of
f(r), ψL(r), ψR(r) are constant. We can use the global U(1)× U(1) to bring them to
zero. It is easy to check that condition (14) leads to the ansatz
ψL =
(
ψL1
0
)
, ψR =
(
0
ψR2
)
(21)
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for κ = −1, and
ψL =
(
0
ψL2
)
, ψR =
(
ψR1
0
)
(22)
for κ = 1. Using now the ansatz (21) or (22), and f(r) real, the constraints in (10)
and (11), corresponding to the gauge conditions Zr = Ar = 0, are trivially satisfied.
The conclusions of this discussion can be summarized as follows:
• It is possible to choose consistently fermions (both left and right components) in
one κ-sector. These configurations correspond to zero-modes.
• In this case, the back reaction on the fields in the undressed electroweak string
(φ, Zθ) is exactly zero.
• The equations for the fermions are just given by the Dirac equation in the elec-
troweak string background.
• The time and z components of the gauge fields are different from zero.
As for the problem of the dynamical stability of this string configuration, it holds for
the same values of physical parameters as in the case of the Z-string. To see that, let us
just consider, on top of the ansatz (6) and (7), the same kind of dangerous perturbations
δW±i (r, θ) (i = 1, 2), δ φ
±(r, θ) that destabilize the Z-string. These perturbations are
odd in our language. Let us focus, first, on fermionic terms. As fermions always appear
in cubic terms with one boson, it is clear that this kind of perturbations decouple.
This was explicitly proven in Ref. [10]. It is also straightforward to see that these
perturbations decouple in the new bosonic terms induced in the energy by Z0,3, A0,3.
In fact the only relevant terms consistent with our ansatz and Lorentz covariance are
δW±i (r, θ)δ W
∓
j (r, θ)δ
ij × (23){
αW
[
A0(r)
2 − A3(r)2
]
+ βW
[
Z0(r)
2 − Z3(r)2
]
+ γW [A0(r)Z0(r)−A3(r)Z3(r)]
}
and
δ φ±(r, θ)δ φ∓(r, θ)× (24){
αφ
[
A0(r)
2 −A3(r)2
]
+ βφ
[
Z0(r)
2 − Z3(r)2
]
+ γφ [A0(r)Z0(r)− A3(r)Z3(r)]
}
where the coefficients αW,φ, βW,φ and γW,φ are some dimensionless combinations of the
gauge coupling constants. Using now the conditions (16) and (19) one can easily check
that the terms (23) and (24) do vanish, as anticipated. As we see, the requirement of
simplicity that made this configuration tractable is too strong to leave any room for
stability improvements.
3. We have found a consistent ansatz with zero energy, but we still have to see if
the equations admit a non–trivial, normalizable solution. In the bosonic sector we take
6
Aθ(r) ≡ 0, and, for the rest of the fields, the boundary conditions
f(0) = 0, f(∞) = η
qHZθ ≡ v(r)
r
, v(0) = 0, v(∞) = −1
A′0,3(0) = Z
′
0,3(0) = A
′
0,3(∞) = Z ′0,3(∞) = 0
(25)
For the case of fermions getting their masses through the coupling to the Higgs field
we follow the work of Jackiw and Rossi [9]. The relevant equations are:[
ψL1
ψR2
]′
=
{
1
r
( −m 0
0 m± n− 1
)
+ Zθ
(
qL 0
0 −qR
)}[
ψL1
ψR2
]
−h±f
(
0 1
1 0
)[
ψL1
ψR2
]
(26)
in the κ = −1 sector and
[
ψL2
ψR1
]′
=
{
1
r
(
m− 1 0
0 −(m± n)
)
+ Zθ
( −qL 0
0 qR
)}[
ψL2
ψR1
]
−h±f
(
0 1
1 0
) [
ψL2
ψR1
]
(27)
for κ = 1.
The behaviour of ψL, ψR at large r values is controlled by the coupling to the Higgs
field, because the gauge field vanishes there. In general, the asymptotic solution will
be, modulo some polynomial prefactors, a combination of two exponential functions,
one increasing and another decreasing with r. The requirement of normalizability
translates into the condition ψL|∞ = ψR|∞
For small r, we have again two equations coupled by the Higgs term (the gauge
term is negligible compared to the angular term for wound fermions). By imposing
consistency of the equations and regularity of the spinors at the origin, we get that
just some values of m (the parameter that controls the fermion winding) are selected
once n is fixed. For these values, the behaviour of the two fermion fields near r = 0
is controlled by the centrifugal term coming from the angular momentum, and the
Higgs term is negligible. The selected regions in the n−m plane for the two κ sectors
and the two ψ± fermions are shown in Fig. 1. Notice that the specific values of the
fermionic gauge couplings are irrelevant in the above considerations on the number of
zero modes. In fact, for the n-string there are |n| zero-modes.
A quick glance at Fig. 1 shows that if we try to put both ψ± fermions in the
same κ sector 7, the solution cannot be normalized. Therefore, if we are looking for
7In this case also W± 0,3 is generated, playing the same roˆle as (A,Z)0,3, and the ansatz (6) would
be trivially enlarged.
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configurations involving both κ sectors, such as those with fermion energy different
from zero, the bosonic field ansatz must be enlarged. Of course, it would be very
interesting to find an exact normalizable solution also in this case, but the lost of the
symmetry makes that task almost impossible.
So far, we have studied the normalizability of the solution just for massive fermions.
The roˆle of the Higgs boson was crucial there, and we can expect a very different
situation for massless fermions (neutrinos). The interaction of the neutrinos with the
Z-string is purely gauge and is governed by:
ψ
′
L1 =
(
−m
r
+ qνZθ
)
ψL1 (28)
for κ = −1 and
ψ
′
L2 =
(
m− 1
r
− qνZθ
)
ψL2 (29)
when κ = 1. The behaviour of the neutrino field near r = 0 is controlled by the angular
term, and if we impose ψ to be regular at the origin we get:
−m ≥ 0 for κ = −1
m− 1 ≥ 0 for κ = 1
Due to the absence of the Higgs term, ψ is not an exponential function of r at
large values, but goes like rα, where α is some integer. In particular, for κ = −1,
ψL1 ∼ r−(m+n). Then, for (m+n) > 1, the neutrino distribution is normalizable. If we
ask for a localized configuration, i.e. finite 〈r〉, 〈r2〉 and assume m integer, i.e. periodic
fermions when winding around the string, we get:
m+ n > 2 for κ = −1
m+ n < −1 for κ = 1
We have found that there are normalizable fermionic configurations with zero energy
even in the case of massless particles. It means that the gauge interaction can be
efficient enough to keep the neutrino near the string core. Let us illustrate this situation
by using an analogous quantum mechanical system. From Eq. (28) it follows:
(
−1
2
d2
dr2
+ Veff
)
ψL1 = 0 (30)
where (for κ=–1)
Veff(r) =
1
2
{
m(m+ 1)
r2
+ qν
dZθ(r)
dr
+ q2νZ
2
θ (r)− 2mqν
Zθ(r)
r
}
(31)
This is the Schro¨dinger equation for a particle of unit mass under the action of
the potential described by Veff . In Fig. 2 we have drawn the shape of this effective
8
potential as a function of the distance 8 to the string axis. We have worked out two
cases: one for n = 2, m = 0 (i.e., without centrifugal term) and the second one for
n = 4, m = −2 (with a centrifugal term). Notice the existence of a centrifugal barrier
when m 6= −1, 0. For large r values, Veff ∼ r/2. For the relevant values of n and m, the
structure of the potential can be described by the existence of an absolute minimum
with Vmin < 0 and a barrier with Vmax > 0 that decreases as 1/r
2 for large r. As
Veff(∞) = 0, we could consider the possibility of tunnelling of the neutrino zero mode
to the large r region, thus dissociating the bound state. To estimate this probability, we
can use the WKB approximation [12] assuming that the potential vanishes for r > R,
with R large enough, and take the limit R→∞. It is easy to see that this probability
is ∝ R−2
√
(n+m)(n+m+1) and then goes to zero 9. We have also drawn in the same
picture the effective potential for a case in which the distribution is normalizable but
〈r〉 is infinite.
4. We have solved numerically the field equations for the neutrino and for massive
fermions from the third generation. In Fig. 3a we have plotted fermionic density per
unit of string length for several cases. They include the neutrino configuration for
n = 2, m = 0 and a fermion with M = Mtop in the limit qL, qR → 0. For the
neutrino, the interaction is purely gauge, whereas for the other illustrating fermion
the interaction is only through the Higgs coupling. We have also drawn the fermionic
density for the top quark with the same n,m values. Notice that, as one could expect,
the density shape for the top quark almost coincides with the corresponding one in
the limit of zero charges. In all cases, the typical mean radius is of the order of the
string radius. We have also calculated the Z0 field component corresponding to these
configurations. The results are gathered in Fig. 3b. We have repeated this analysis
for the bottom quark and the tau lepton. The corresponding profiles are shown in
Fig. 4a,b. Notice that the density function goes to zero for large r much more slowly
than in the case of the top quark. This is because the behaviour of the wave function
for massive fermions, as we said before, is described by e−Mf r, with Mf the fermion
mass. In Table 1 we list the mean and root-mean-squared radii corresponding to the
configurations shown in Figs. 3a,4a. Finally, in Fig. 5a,b we show the radial electric
field produced by the charged fermionic distributions. The asymptotic form of this
field is given by the Gauss law, Er ∼ qr−1 with q the charge of the fermion.
5. In summary, we have constructed in this paper a simple class of exact solutions
of the electroweak theory, which consists in the Z-string configuration, the gauge fields
A0, A3, Z0 and Z3, and fermion zero modes bounded at the string core. We have ex-
plicitly worked out the cases where fermions are charged leptons or quarks, and neutral
8All the dimensional values are expressed in units of the corresponding power of 〈φ〉.
9In a realistic situation, a natural value for R could be provided by the radius of the string loop,
or by the typical distance between strings.
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leptons (neutrinos). In the cases where zero modes are charged fermions, moving under
the action of the electromagnetic field, the Z-string becomes superconducting. In our
solution there is no feed back from gauge and fermion fields on the Z-string configura-
tion. As for the stability problem our solution does not add anything new with respect
to the case of the Z-string in the absence of fermion zero modes: either the Z-string
configuration is extended to a stable configuration including other bosonic fields, or its
stability is topologically guaranteed by the presence of an extra spontaneously broken
(gauge) symmetry, remnant of the theory at some high scale [13]. In both cases the
presence of fermion zero modes would make the string configuration superconducting
and therefore detectable by non-gravitational interactions.
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Particle n m 〈r〉
√
〈r2〉
neutrino 2 0 4.45 —–
top 1 0 1.18 1.37
bottom −1 0 16.39 23.12
tau −1 0 50.04 69.57
Table 1: Mean and root-mean-square radii for fermionic configurations shown in
Fig. 4a,b
Figure captions
Fig. 1 Allowed regions in the (n,m) plane for κ = 1 (κ = −1), circles (squares), and
ψ+ (ψ−), open (black), fermions.
Fig. 2 Plots of the effective potential for the ψL1 neutrino component, as defined in
Eq. (31), for the indicated values of (n,m).
Fig. 3 a) Fermionic densities for the top zero mode n = 1, m = 0 and for the neutrino
configuration with n = 2, m = 0. For illustration, the density for a massive top
like fermion in the limit qL,R = 0 is also shown (dashed line). In all cases, κ = −1.
b) Z0 component of the gauge field generated by the configurations shown in (a).
Fig. 4 a) Fermionic densities for tau and bottom fermionic zero modes. In both cases,
n = −1, m = 0 and κ = −1. b) Z0 component of the gauge field generated by
the configurations shown in (a).
Fig. 5 a) Electric field Er generated by the top quark configuration shown in Fig. 3a.
b) Electric field Er generated by the fermionic configurations shown in Fig. 4a.
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